The aim of the paper was to determine the effectiveness of the removal of 4, 5and 6 -ring PAHs from coking wastewater using sodium percarbonate Na2CO3•1,5 H2O2 and iron sulphate in acid condition. The samples were exposing to ultraviolet rays. The source of UV-C radiation was a lamp emitting a wave of light with a length of λ = 264 nm, placed directly above the layer of the samples wastewater. The sodium percarbonate Na2CO3 1.5 H2O2 doses were determined on the basis of stoichiometric calculation. Ratio of iron ions to the hydrogen peroxide released in reaction was: 0.5; 0.4; 0.3; 0.2; 0.1. Before and after the oxidation process, COD and TOC value were determined and as well as concentrations of selected PAHs. The total concentration of tested PAHs before oxidation reached the value of 995 μg/L. The average content of organic pollutants determined by the chemical oxygen demand (COD) was 538 mg/L, while the average content of Total organic carbon (TOC) was 180 mg /L. The use of sodium percarbonate caused the oxidation of organic pollutants and lowering of COD and TOC in the following ranges: 22-46% and 10-30%. For individual PAHs the degradation efficiency was in the ranged from 95% to 99.9%. The degradation efficiency of 4 ring hydrocarbons caused 98% and 5 and 6 ring of hydrocarbons was 98.7% and 99.4%, respectively.
INTRODUCTION
Wastewater originated at the area of coking plants contains significant amounts of pollutants, including those belonging to the group of Persistent Organic Pollutants, among them Polycyclic Aromatic Hydrocarbons (PAHs) [1] . Polycyclic Aromatic hydrocarbons are composed of two or more aromatic rings linked together. Due to the number of rings, PAHs are classified into two groups, light and heavy PAHs. These compounds are easy adsorbed on the surface of solids, but they are non-easy degradable, so the use of conventional wastewater treatment methods is often not sufficient to remove PAHs [2] [3] [4] . Despite the use of biological wastewater treatment in the coking plant, with the use of activated sludge, treated coke wastewater are still carrier of PAHs as confirmed by literature reports and previous studies [5, 6] . The further use of treated wastewater at the area of coking plant or entering into receivers m ay become impossible due to legal restrictions [7] . For the treatment of coke wastewater, advanced oxidation methods (AOP) are proposed. During the process a series of reactions takes place, based mainly on the formation and interaction of hydroxyl radicals for the destruction of organic pollutants [8, 9] . One of the methods belonging to AOP is the photo-Fenton method, in which the Fenton reagent (Fe 2+ /H2O2) and UV radiation are used. The formation of hydroxyl radicals in the photo-Fenton method proceeds according to reaction (1) (2) [10] . 
Currently, the photo-Fenton method is modified by replacing hydrogen peroxide with other reagents that are a source of hydroxyl radicals. Metal oxides such as calcium or magnesium oxide are used, but also salt adducts with hydrogen peroxide such as sodium percarbonate Na2CO3 • 1.5 H2O2 [11] . However, this reagent has not been used so far for oxidation PAHs. Therefore the aim of survey have been undertaken to determine the degradation efficiency of selected PAHs present in treated coke wastewater using sodium percarbonate in the photo-Fenton process. Changes in the concentration of hydrocarbons containing from 4 to 6 aromatic rings in the molecule, i.e. belonging to the so-called heavy hydrocarbons have been analized.
MATERIALS AND METHODS

Materials
The study carry out using preatreated coking wastewater, discharged from the biological treatment plant after the biological treatment process consists of the denitrification and nitrification reaction with use of activated sludge. Wastewater samples were characterized by determination of content organic compounds as COD and TOC value as well as the initial PAHs concentration.
Experimental procedure
The experiment carried out using 0,5 liter of coking wastewater. Researches on the oxidation of organic compounds, including PAHs, in wastewater samples were conducted in laboratory scale. The first step was added Na2CO3·1.5 H2O2 to the samples, then wastewaters were acidified and FeSO4·7H2O iron sulfate was added. The dose of FeSO4·7H2O iron sulfate was constant (1g/L). The dose of oxidant was calculated based on stoichiometric calculations. The reaction time was set at 20 min. The next step was exposure wastewater samples to ultraviolet rays. In the studies following values were adopted as constant: -dose FeSO4 ·7H2O: 1g/L, -reaction time set at 20 minutes, -exposure time to ultraviolet radiation of 8 minutes, -the height of the irradiated wastewater layer was 2 mm, -pH value of wastewater 3.5-3.8.
Above research conditions such as pH, reaction time and level of iron dose were selected based on data from the literature [8, 14, 16] . Sodium percarbonate was used as a solid (powder). The irradiation was carried out using a lamp emitting UV-C light with a wavelength λ = 264 nm. The UV lamp has been placed above the level of wastewater. The irradiation was carried out in a plastic cuvette. Changes in COD and TOC values as well as the PAHs concentration were determined before and after oxidation process.
PAHs analysis
The first step was the extraction of organic substance from pretreated coking wastewater with use the cyclohexane and dichloromethane. The organic solvent solution in a volume ratio 5/1(v/v) were added to the wastewater samples. Then the samples were shaken on a laboratory shaker for about 60 minutes. The next step was separation extract from the wastewater and cleaned on silica gel columns under vacuum conditions. After that, extract was concentrated under a stream of nitrogen and analyzed by GC-MS. The assay consists on injecting 2 μl of the extract on the DB-5 column using helium as the carrier gas. The temperature program was 40°C/min and the final temperature was 280 o C for 60 minutes. In Table 1 limit of detection value and recovery rates of individual PAHs are presented. The following compounds were tested in the extract: 4-ring of PAHs (fluoranthene Fl, pyrene Pyr, benzo(a)anthracene BaA, chrysene Ch) 5-ring of PAHs: (benzo(b)fluoranthene BbF, benzo(k)fluoranthene BkF, benzo(a)pyrene BaP, dibenzo(ah)anthracene DahA) and containing 6-ring of PAHs (indeno(1,2,3-cd) pyrene IP, benzo(g,h,i)perylene BghiP). PAHs were selected according to the US EPA list. Student's t-test was used to determine the significance of changes in the concentration of PAHs. The test was carried out in Statistica computer program. The test was selected based on the sample size (n <30) for degrees of freedom (2), with the assumed significance level α = 0.05, the critical value obtained for the t-test was t ≈ 4.303. 
RESULTS AND DISCUSSION
Despite the initial pretreatment coking wastewater, the average organic pollutant determined by the chemical oxygen demand (COD) was 538 mg/L, while the average content of total organic carbon (TOC) was 180 mg/L. The initial concentration of the tested hydrocarbons was 995 μg/L. During the oxidation process with using sodium percarbonate, the decrease in COD and TOC values was in the following range: 22-46% and 10-30%, respectively. In The most effective in the degradation of fluoranthene ( Fig. 1) was dose of sodium percarbonate corresponding to the ratio 0.2 (Fe 2+ /H2O2). In this case degree of removal was 98.3% (2.7 μg/L). For chrysene, pyrene and benzo(a) anthracene (Figs. 2-4 ) a ratio 0.2 (Fe 2+ /H2O2) was also the most effective. Degree of removal of these hydrocarbons was above 98% which corresponded to the concentration of approx 1 μg/L. The highest decrease in concentration for all 4-rings hydrocarbons was observed for the ratio 0.2, but also the ratio 0.1 (Fe 2+ /H2O2 ) allowed to achieve high oxidation efficiency. The average oxidation efficiency for the most effective ratio was around 98%. The total initial concentration of 5-rings hydrocarbons was 425.5 μg/L which it was 43% of the total PAHs tested. In the figures 5-8 the changes in the concentration of 5-rings hydrocarbons depending on oxidant dose level has been shown. The use of a dose of oxidant corresponding to a ratio Fe 2+ /H2O2 of 0.2 caused the oxidation of these two hydrocarbons in nearly 99% (1.6 μg/L). However, the efficiency of ratio of 0.1 was similar. In the case of benzo(a)pyrene (Fig. 7 ) the highest degree of degradation 98.7% (1.4 μg/L) was obtained for the 0.1 ratio of Fe 2+/ H2O2. Dibenzo(a,h)anthracene (Fig. 8) was removed almost entirely, reaching a concentration below the limit of detection for the ratios of 0.5, 0.2 and 0.1, respectively. The total concentration of hydrocarbons containing 6 rings in the molecule was 130.8 μg/L which accounted for 13% of all PAHs tested. For indeno(1,2,3-cd)pyrene (Fig. 9) and benzo(g,h,i)perylene (Fig. 10 ) the most effective was ratio 0.1, which corresponded with the highest dose of sodium percabonate. Degree of degradation for this hydrocarbon was more than 99%. The final concentration were 0.7 and 0.1 μg/L respectively. All doses of the oxidant caused a decrease in the concentration of all tested hydrocarbons in relation to the initial concentration. However, no correlation was observed between the concentration drop and the increase in the oxidant dose. The hydrocarbon concentrations were fluctuated. In Table 2 the percentage changes in the concentration of individual hydrocarbons in dependence on dose oxidant level and statistical evaluation of results are presented. For all hydrocarbons, the decreases in PAH concentrations were statistically significant (+). Below the changes in the concentration of Σ 4 -rings PAHs (Fig. 11) , Σ 5 -rings PAHs (Fig. 12 ) and Σ 6 -rings PAHs ( In the Figure 14 changes in the concentration for total of ten tested hydrocarbons, depending on dose level oxidant are presented. Taking into consideration the degradation efficiency of the sum of 10 tested hydrocarbons under the photo-Fenton reaction condition, the most effective was the ratio 0.2. In this case, use sodium percarbonate allowed to lower concentration to the value 13.6 μg/L compared to the initial concentration at the level 995 μg/L. Degree of degradation was 98.6%.
Data on the effectiveness of advanced oxidation methods for the removal of organic compounds are widely described in the literature. The effectiveness of the Fenton process is influenced by such factors as: the ratio of the hydrogen peroxide ions to the iron ions, the pH value of the reaction medium, the initial concentration and the type of pollutants and temperature, as well as the presence of reaction inhibitors. Thus, the dose of oxidant and iron ions plays a key role and influence on the effectiveness of the oxidation process. However, too much dose of both reagents can slow down or stop the reaction altogether. Therefore, doses should be selected to ensure consumption all of amount of reagents during the reaction [12] . For example, increasing the concentration of hydrogen peroxide from 50 mg/L to 150 mg/L, had an impact on reducing the efficiency of degradation of benzo(a) pyrene by 35% [13] . Acidic environment of the reaction ensure proper conditions for conducting the Fenton process. The optimal pH of the reaction environment ranges from pH 3 to pH 5 (optimum pH 2.8) [14] . However, literature data provided that in the case of PAHs degradation the most effectiveness pH value depends on the type of hydrocarbon being removed. In an acidic environment anthracene and benzo(a)pyrene were being better degraded, while at pH value near 7 -fluoranthene and phenanthrene [15] . On the speed and efficiency of the Fenton process are also influenced the initial concentration of pollutants as well as the presence of reaction inhibitors such as carbonates, bicarbonates or sulphides [16] . High temperature (above 50 o C) is not recommended because of the faster decomposition of hydrogen peroxide. The exception was benzo(a)pyrene, for which 100% degradation was achieved at 70 o C [13, 14] .
In the case of using the photo-Fenton process to degrade the mixture of 16 PAHs in petrochemical wastewater, efficiency was obtained close to 96%, at 53% reduction of COD value and reduction of toxicity by 50% [17] . In other studies, which focused on the decomposition of fluoranthene, phenanthrene and aceaphthylene in synthetic water, after the use of the classic Fenton reaction, complete removal of the tested hydrocarbons was achieved [15] . Previous studies by authors have shown that the use of CaO2 under the conditions of the photoFenton reaction allows effective degradation of COD in the range of 30-35%. In the case of PAHs containing from 4 to 6 aromatic rings, the degradation efficiency for individual hydrocarbons ranged from 89-98% [18] . In the literature, any data about the use of sodium percarbonate under the conditions of the photo-Fenton reaction for cleaning coke wastewater has not been found. However, sodium percarbonate was used in the photo-Fenton reaction for the treatment of industrial wastewater with a COD value exceeding 5,000 mgO2/L. The effectiveness of removing organic compounds expressed by COD index reached 73% [19] . Taking into consideration differences in composition of the tested wastewater with data described in the literature and the differences of process conditions, it is difficult to compare the results obtained with the data available in the literature.
CONCLUSIONS
The following conclusions can be drawn based on the results obtained in the research. The total PAHs concentration in coking wastewater before oxidation was about 1 mg/L (996,6 μg/L). The effectiveness of removal of individual hydrocarbons ranged from 95% to 99.9%. The highest decrease in the concentration of 4-ring hydrocarbons (98.4%) was noticed for the ratio 0.2 of Fe 2+ /H2O2 . In the case of 5-rings hydrocarbons, the highest efficiency of oxidation was observed for the ratio of Fe 2+ /H2O2 at the level of 0.1 and 0.2 for which the efficiency was 98.7%. For the 6-rings hydrocarbons, the best ratio was Fe 2+ /H2O2 -0.1, at which the decomposition of the PAHs tested exceeded 99%. The chemical reactivity of the hydrocarbons studied decreased in the following way: 6-rings PAHs (removal 99.1%) > 5-rings PAHs (removal 98.7%) >4-rings PAHs (removal 98.4%) respectively. The decrease in PAHs concentration was statistically significant for the hydrocarbons tested. During the oxidation process using sodium percarbonate, the decrease in COD and TOC values was in the range of 22-46% and 10-30%, respectively. Therefore, in the process of photooxidation, not only the degradation of PAHs, but also other organic compounds expressed by COD index and TOC index were obtained. Obtained results confirm that sodium percarbonate can be, with high efficiency, used in the photo-Fenton process for treatment coking wastewater.
